INTRODUCTION
Monitoring the nutritional status of fruit trees based on the chemical analysis of the leaves has become an essential practice, underlying a more precisely adapted and financially balanced fertilization (Mourão Filho, 2004) . The DRIS evaluation method of the plant nutritional status is considered an effective tool for nutritional diagnosis in Brazil, but less usual than in other countries (Nachtigall & Dechen, 2007) , because it is relatively complicated, compared to traditional methods such as critical level and sufficiency range (Prado, 2008) . Nevertheless, it is promising for the nutritional diagnosis of perennial crops, for which calibration tests are generally timeconsuming and costly.
The DRIS method has advantages over traditional methods for being based on nutritional ratios instead of average levels of each nutrient, eliminating dilution and concentration effects that are not dealt with adequately by traditional methods (Wadt, 2009 ). In addition, variations in the ratios are considered, which allows the development of standardized indices, which are less onerous because they do not require extensive local calibration tests.
The application of this method to fruit trees of different species e.g., apple, mango and citric fruits, has been promising (Nachtigall & Dechen, 2007; Wadt et al., 2007; Santana et al., 2008) . However, for the fruit tree species cupuaçu (Theobroma grandiflorum), widely grown in the Amazon region, there is little information about mineral nutrition and the few studies available address only a limited number of nutrients in fertilizer tests (Alfaia et al., 2004; Ayres & Alfaia, 2007) . The effect of fertilizer application in commercial orchards is therefore to date unknown.
For the DRIS, different methods to calculate functions based on different DRIS formulas have been proposed, with a view to improve the efficiency of the system. The formula developed by Beaufils (1973) has two distinct expressions, depending on the value of the ratio of the leaf sample, compared to the respective DRIS norm. The formula developed by Jones (1981) consists of the standardization of all DRIS functions. The purpose of the formula developed by Elwali & Gascho (1984) is to nullify nutritional deviation when the values are below the standard deviation from the respective norm.
Several studies evaluated the efficiency of DRIS formulas. Nachtigall & Dechen (2007) concluded that the formula developed by Elwali & Gascho (1984) is more efficient than that of Beaufils (1973) or Jones (1981) for apple orchards. On the other hand, Silveira et al. (2005) identified the formula proposed by Jones (1981) as more efficient than that of Beaufils (1973) or Elwali & Gascho (1984) for signal grass (Brachiaria). These different conclusions are often related to the type of approach to evaluate the efficiency of the different formulas, e.g, the frequency of the most limiting nutrient and correlation between leaf nutrient levels, without necessarily comparing the diagnostic interpretations with each other.
Thus, the objective of this study was to evaluate the performance of the different DRIS formulas in diagnosing the nutritional status of cupuaçu grown in the southeastern Amazon, with a view to identify and recommend the best method for mineral nutrition studies and the monitoring of commercial orchards of the species.
MATERIALS AND METHODS
Cupuaçu leaves were sampled in commercial orchards from 5 to 18 year old trees grown either in monoculture or agroforestry systems, in Nova R. Bras. Ci. Solo, 35:2083 Solo, 35: -2091 Solo, 35: , 2011 Califórnia, Porto Velho, in the far West of the state of Rondonia, Brazil. The climate is rainy wet tropical, Am (Köppen), with an annual average of 26 °C and average rainfall of 2100 mm year -1 (Silva, 2000) . The predominant soil types are Latosol, Ultosol, Plintosol, and Cambisol.
Sampling was carried out at the end of August and beginning of September 2008, immediately before the beginning of rainy season, in 153 selected orchards. In 111 of these, an agroforesty system was used and a monoculture system in 42. From each orchard, 30 leaves were collected from 10 to 15 randomly distributed plants. Recently matured leaves, the third medium plant were sampled, always facing northsouth direction, as recommended by Costa (2006) .
The leaf samples were chemically analyzed using nitro-perchloric and sulfuric acid digestion. After the digestion, the extracts were analyzed for total contents of Ca and Mg by inductively coupled plasma-optical emission spectrometry (ICP-OES), K using flame photometry and P using molecular spectrophotometry. Total N was obtained by sulfuric digestion and Kjehdahl distillation (Embrapa, 1997).
A database was created to separate the orchards into healthy and unhealthy orchards. At sampling, each orchard was previously classified according to the plant health, taking criteria of plant health and crop and soil management into consideration.
In terms of plant health aspects, the level of infestation by witches' broom (Crinipellis perniciosa) and fruit borer (Conotrachellus humeropictus) was evaluated, which are the diseases that most affect yields in the region (Lopes & Silva, 1998) . For the crop and soil management, the intensity of application of practices considered appropriate were evaluated, i.e.,: pruning, presence of rotten fruit on the ground, and weeding (crop) and organic fertilization, soil cover and planting along contour lines (soil). These properties (plant health state and intensity of crop and soil management practices) were scored: 1 (poor), 2 (satisfactory) and (3) good.
To establish norms, the database was divided into three groups: unhealthy orchards with low (OLY), unhealthy orchards with average (OAY) and healthy orchards with high potential yield (OHY). The criterion for the definition of these classes was given by the sum of these concepts, where: 3 ≤ OLY ≤ 5;6 ≤ OAY ≤ 7 and 8 ≤ OHY ≤ 9.
The DRIS norms were calculated for the orchards considered healthy, which comprised 14 monoculture and 34 agroforestry orchards. Although small, the size of the reference population was considered sufficient to generate a representative DRIS norm for healthy orchards (Mourão Filho et al., 2002) , which is expected to represent a sample of the nutritional status of the orchards. Even for cereals, a reference population of around 30 fields proved adequate to generate DRIS norms (Guindani et al., 2009 ).
To generate the DRIS norm, the means, standard deviation and number of observations for each of the ratios between two nutrients were calculated directly and inversely, as well as the levels of each evaluated nutrient in the healthy orchards (OHY), regardless of the cultivation system (Dias et al., 2010) . IDris was calculated for each nutrient (Inut) from the arithmetical average of the sum of the differences among all direct and inverse functions that involve the nutrient to be calculated. The NBI was determined by the sum of the modulus of the IDris values generated for the sample, for each nutrient. NBI was calculated using the arithmetical average of the sum of the absolute IDris values generated for each sample. IDris was interpreted by fertilization response potential method (FRP) and classified in five groups (Wadt, 2005) To evaluate the three different formulas to calculate DRIS indices, the number of times the nutrients were most limiting because of deficiency, consequently with positive FRP, or most limiting because of excess, with negative FRP, was quantified.
Multivariate statistical parameters (principal component analysis) were used, based on a biplot graph, to evaluate the spatial distribution of the DRIS indices in the different DRIS methods (Lipcovich & Smith, 2002) .
For each nutrient evaluated in each orchard, identified as deficient (FRP positive and FRP positive or zero), in equilibrium (FRP zero) and in excess (FRP negative or FRP negative or zero) according to diagnoses made by each of the DRIS methods, the degree of agreement was evaluated between the different diagnoses. If for a given nutrient the diagnosis (deficiency, equilibrium, or excess) by two different methods was the same in all orchards, it was considered to agree and when different, it was considered to disagree; the degree of agreement between the diagnoses was calculated for all orchards.
The number of cases in which the nutritional diagnosis by the Beaufils (1973) method indicated nutritional equilibrium while Elwali & Gascho (1984) indicated limitation by deficiency and Jones (1981) limitation by excess was also quantified. Finally, the DRIS methods were correlated to each other based on the DRIS indices of each nutrient and the nutritional balance index (NBI) at 1 % by the T test, to determine the degree of similarity among the methods resulting from the use of the different DRIS formulas.
Together with the leaves, the soil was sampled under the crown and in the areas between rows in 65 of the orchards. In these samples, pH, exchangeable Ca and Mg by 1 mol L -1 KCl, potential acidity and available P and K by Mehlich-1 were determined, as proposed by Embrapa (1997) . Since the analytical results indicated practically the same concentrations and content ranges of the chemical properties under the crown and in the tracks between rows, the averages of the two sampling positions were considered. The soil chemical properties and leaf levels of macroand micro-nutrients were correlated with the DRIS indices obtained by the three methods tested (Pearson at 5 %). Only the most relevant results were presented for discussion.
Test T (Student's correlation) and multivariate (discriminant analysis) were performed using Assistat 7.5 beta and Graphic Biplot 1.0 software, respectively, and the others using electronic spreadsheets. For the Chi-Square test, the expected frequency was assumed to be the mean frequency of cases of deficiency or excess for each nutrient, comparing this frequency with the number of cases observed.
RESULTS AND DISCUSSION
The soil of the region is highly acidic (pH 3.7-5.5, potential acidity 2.1-9.3 cmol c kg -1 ), with medium to high Ca and Mg levels (1.1-9.7 cmol c kg -1 and 0.1-1.6 cmol c kg -1 , respecitvely), K levels 0.04-0.41 cmol c kg -1 , and available P 1-18 mg kg -1 (Table 1) . High levels of exchangeable Ca along with high acidity is a common property of many soils of the Formação Solimões (Wadt 2002; Couto 2010) , the geological unit from which soils of the region were formed. The P levels are however normally low, and the average of 3 mg kg -1 with a standard deviation of 2 mg kg -1 could be explained by the replenishment with organic fertilizers in many areas of the RECA project.
Independently of the DRIS method for the nutritional diagnoses, in most orchards Ca was most frequently indicated as deficient, i.e., FRP was positive, while K was most frequently in excess, with negative FRP. The relatively high frequency of orchards with P and Mg deficiency was also noted (Table 2 ).
This result was not supported by the availability of nutrients according to the soil fertility in the study region, indicating that mainly Ca, but also Mg and P were more available in the soil than K. The Ca nutritional status of cupuaçu trees could be explained by the low internal redistribution rate of the nutrient, which is not mobile among senescing or developing tree organs (Prado, 2008) . This leads to a temporary deficiency at the beginning of the period of rapid growth, when there is not enough water in the soil to optimize the mass flow and Ca transport from the roots to the growth points, as suggested to explain the shoot die-back and Ca deficiency indicated by DRIS in young eucalyptus trees (Wadt, 2004) . However, more studies are needed to explain this phenomenon, and even to reduce the risk of inconsistent diagnoses, defining the best period for sample leaves when water deficit is not present.
The correlations between P, K, Ca and Mg levels in the soil and the respective leaf contents or DRIS indices of these nutrients by the formulas developed by Beaufils (1973) , Jones (1981) and Elwali & Gascho (1984) were significant at 5 % for Ca (Table 3) . For P, only the soil level and the DRIS indices obtained by the formulas developed by Beaufils (1973) and by Jones (1981) were correlated ( Table 3 ), indicating that at least for Ca and P, greater availability in the soil results in a better nutritional balance of the respective nutrient, even when the soil and leaf tissue level are not correlated, as in the case of P (Table 3) .
However, the nutritional status of the orchards was similar in the frequency in which each nutrient was indicated as deficient or excessive, independent of the DRIS formula applied (Table 2) for all nutrients by the Chi-Square test at 5 %. This result is different from that obtained by Mourão Filho et al. (2002) , who found that Jones (1981) formula was more efficient than that of Beaufils (1973) or Elwali & Gascho (1984) in diagnosing the nutritional status of orange trees.
Multivariate analysis (represented by a biplot of the spatial distribution of the DRIS indices undergoing different DRIS methods, (Lipcovich & Smith, 2002) indicated that the diagnoses for all nutrients except P by the formulas developed by Beaufils (1973) and Elwali & Gascho (1984) were similar (Figure 1 ). For P, the formulas of Jones (1981) and Elwali & Gascho (1984) were the most similar (Figure 1 ). Multivariate analysis indicated that for most DRIS indices, the performance of Jones (1981)' formula was opposite to that of Elwali & Gascho (1984) , which did however not affect the predictive capacity of the nutritional status (Table 2) .
Recently, some studies have discussed the efficiency of DRIS functions using the correlation between NBI and yield since the inverse correlation between NBI and yield would define the performance of the methods (Partelli et al., 2006; Silva et al., 2009 Nachtigall & Dechen (2007) evaluated the efficiency of DRIS methods in apple, concluded that the Elwali & Gascho (1984) formula was superior to that of Beaufils (1973) and Jones (1981) because the correlation between the nutritional status of apple trees indicated by NBI and yield was better by the former. Based on the correlation between NBI and yield, Silva et al. (2005) reported a contrary result, in that Jones (1981)' formula performed better in evaluating the nutritional status of pastures fertilized with N and S compared to the formulas developed by Beaufils (1973) and Elwali & Gascho (1984) .
According to Maia (1999) and Wadt et al. (2007) , based solely on evaluation of the mathematical expressions of each formula, the formulas of Beaufils (1973) and Elwali & Gascho (1984) tend to overestimate nutritional deficiency compared to Jones (1981) formula.
However, when interpreting the nutritional status by the Fertilizer Response Potential (FRP) method (Wadt, 2005) for all nutrients evaluated, there was no significant difference in the distribution at which each nutrient was indicated as deficient or in excess by the different tested DRIS formulas (Figure 2 ).
Evaluating each diagnosis separately, the Elwali & Gascho (1984) formula indicated on average 3.4 % more cases of deficiency than Beaufils (1973) , while the Jones (1981) formula indicated 1.7 % more cases of excess than Beaufils (1973) (Table 4) . That is, six cases of P, Ca and Mg, five cases of N and three cases of K deficiency identified by the Elwali & Gascho (1984) formula were not identified by that of Beaufils (1973) formula (Table 4 ). This disagrees with Wadt (1996) and Maia (1999) , who evaluated the performance of the DRIS formulas and suggested that the Beaufils (1973) formula tends to diagnose deficiency in more cases than the formulas of Jones (1981) and Elwali & Gascho (1984) . By the formula of Elwali & Gascho (1984) , the NBIa value was systematically lower than of Beaufils (1973) since according to Elwali & Gascho (1984) , cases in which the difference between the bivariate ratio in the sample and its norm was below the standard deviation were zeroed, thus diminishing the average NBIa value (Figure 2) . With the lower NBIa value, in orchards considered nutritionally balanced by Beaufils (1973)' formula, deficiencies were detected by Elwali & Gascho (1984) (Table 4) . Jones (1981) ' formula led to similar results, with lower NBIa values than the other formulas (Figure 2) , which increased the possibility of diagnosing nutritional imbalance (either deficiency or excess), as explained above. However, since the other formulas overestimated deficiencies, Jones (1981)' formula indicated more cases of excess than the other methods, and performed as the Elwali & Gascho (1984) formula in cases of deficiency.
Based on this performance of the different DRIS formulas and the criterion of Fertilizer Response Potential, it was decided that Beaufils (1973)' formula should be given preference when it is desirable to diminish false diagnoses of deficiency; Elwali & Gascho (1984) 's formula should be used to diminish the number of false excess diagnoses (increasing the number of deficiency diagnoses); and Jones (1981)' formula is recommended to diminish the case of false balance diagnoses (increasing the number of cases of deficiency and excess).
Although Beaufils (1973)´ formula overestimates deficiencies (Maia, 1999) , this effect can be eliminated by the interpretation criterion of the DRIS indices when based on NBIa. It should be emphasized, however, that the differences between the methods are minimal. The correlation of the DRIS indices obtained by the different formulas generally resulted in a correlation coefficient of more than 83 % and all correlations were significant at 1 % by Pearson´s correlation analysis. The correlation coefficients between DRIS indices of the nutrients and NBIa obtained by the formulas of Beaufils (1973) and Elwali & Gascho (1984) were higher than 95 % (Table 5) . The high correlation between the indices based on the different DRIS formulas was reflected in the high degree of agreement among diagnoses for all nutrients (Table 6 ). This high level of agreement among the diagnoses calls for the determination of the consistency between the diagnoses and plant response in relation to the addition or maintenance of nutrient levels, evaluating the diagnoses in fertilizer trials (Wadt & Lemos, 2010; Wadt & Silva, 2010) .
For example, Ca, P and Mg were, in decreasing order, most frequently identified as limiting in the orchards, while K was the nutrient with the highest number of excess cases ( Table 2 ). The question arises whether these diagnoses are in fact consistent with the plant response to corrective fertilizer, and if necessary, the DRIS formula should be determined that could improve the level of diagnostic success, for example by diminishing the cases of false diagnoses of balance or imbalance (deficiency or excess).
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